Abstract: Genetic diversity and structure of 17 populations representative of the natural range of Eucalyptus urophylla S.T. Blake in Indonesia were analysed with 10 microsatellite markers. Two provenance and progeny trials, using the same populations, were established in the Republic of the Congo and analysed for growth and survival at 37 months. Observed microsatellite heterozygosity (Ho) was moderate to high within populations (Ho = 0.51-0.72). The index of fixation (FIS) was significantly different from zero for all populations (FIS = 0.13-0.31) and possibly resulted from a Wahlund effect. The differentiation parameter was low (FST = 0.04) and not significantly different from zero, which can be explained by effective gene flow via pollen. The genetic variances within and among provenances for survival and growth traits were significantly different from zero, representing 13%-23% and 14%-50% of the total variation, respectively. The differentiation between populations based on quantitative traits was marked (QST = 0.07-0.33). A negative relationship between altitude of the seed source and its performance in the Congo was observed (R 2 = 0.59-0.67) and could be explained by the effect of natural selection along the altitudinal gradient. This marked differentiation for quantitative traits despite high apparent gene flow results in a clinal variation, which suggests the use of altitude of seed source as an important principle for in situ or ex situ management of E. urophylla genetic resources. Une relation négative entre l'altitude des sources de semences et leur performance au Congo a été remarquée( R 2 = 0,59-0,67). Cette relation pourrait s'expliquer par l'effet de la sélection naturelle le long du gradient altitudinal. Cette différenci-ation marquée chez les caractères quantitatifs, en dépit d'un flux génique apparent élevé, se manifeste par un patron de variation clinale, ce qui indique que l'altitude des sources de semences est un critère important qui devrait être utilisé pour la gestion in situ et ex situ des ressources génétiques d'E. urophylla.
Introduction
During recent decades, the genetic resources of many forest tree species have been explored largely to supply the plantation programme with adequate material and to define strategies for in situ or ex situ management (Kleinschmit et al. 2004; Ducousso et al. 2004 ). For economically important species, provenance and progeny trials were established to select the best seed sources for plantation on the basis of adaptive and economic traits (i.e., survival, growth, and wood properties).
The genetic resources of tree species currently can be better explored and conserved by combining a variety of tools such as molecular markers and quantitative traits (Bekessy et al. 2003; Cavers et al. 2004 ). On the one hand, neutral molecular markers give information about the impact of evolutionary forces, such as drift, mutation, and migration, and about the mating system of the species. On the other hand, quantitative traits related to adaptation and fitness are informative about the impact of natural selection.
Although the results provided by neutral molecular markers are not directly related to the information provided by adaptive traits and many studies have demonstrated that they are not good predictors of adaptive diversity (Frankham et al. 2002) , they can give useful information on the extent of differentiation among populations and can suggest the presence of ''hidden genetic variability'' that may be useful in future conservation and breeding efforts. This hidden variation can be potentially useful for facing future environmental changes, e.g., in abiotic conditions and emergence of new parasites.
Examples of studies combining molecular and quantitative approaches can be found for the conservation and management of forest genetic resources of some temperate species (Kleinschmit et al. 2004; Ducousso et al. 2004) . However, these studies are still limited in tropical forest trees, including species that play an important role in the wood economy and that suffer marked degradation in their natural range. This is the case for Eucalyptus urophylla S.T. Blake, a very important species in the tropical zone. This species has mainly been used to create interspecific hybrids for commercial clonal forest plantations, because it shows very good adaptation to the humid tropical climate and its wood is suitable for the pulp industry (Vigneron and Bouvet 1997) . Many provenances collected in the natural range of E. urophylla were introduced in tropical countries to start genetic improvement programmes (Eldridge et al. 1993) . Initially, analyses were conducted using quantitative traits only to rank provenances according to adaptive and growth performance criteria and to determine the best genotypes to include in the breeding population. However, few results are available to help us understand the distribution of genetic variation within the natural range of the species, although urgent measures need to be taken for in situ conservation.
In this study, we aimed to advance our understanding of the in situ variation of E. urophylla by combining microsatellite data and quantitative traits related to adaptation and growth. Our objectives were (i) to analyse the genetic diversity and structure of E. urophylla populations using microsatellite markers, (ii) to assess the genetic variances within and among the populations for adaptive and growth traits using a controlled experimental design, (iii) to evaluate the effect of abiotic factors present in the natural range of the species on genetic variation, and (iv) to define principles for in situ management of genetic resources for future application in breeding programmes or for the development of a conservation strategy.
Materials and methods

Characteristics of E. urophylla
Eucalyptus urophylla is a forest tree usually reaching 25-45 m in height and up to 1 m in diameter at breast height. It is a long-lived savannah tree species (over 200 years). Its natural range extends in the eastern part of Indonesia and Timor Leste in the Sunda archipelago (1228-1278E, 88-108S) across seven islands within an area of 500 km (east to west) by 200 km (north to south) (Fig. 1 ). The species occurs over a wide altitudinal range (sea level to 3000 m) and over a wide range of climatic conditions with a dry season varying from about 2 months to 8 months. It is found on mountain slopes and in valleys on different types of soils. Population densities vary greatly according to land use, localities, and ecological conditions. It reproduces mostly sexually and is mainly insect and bird pollinated. It fruits abundantly. The species is mainly barochorous (fruits are mainly disseminated by gravity); however, as for other Eucalyptus species, its seeds are also likely to be dispersed by animals, such as birds and bats (House 1997) .
Population sampling in the natural range
Based on the seed collection made by Martin and Cossalter (1976a , 1976b , 1976c , 17 populations (the term population is used as the traditional definition in population genetics) were identified as representative of the natural distribution of the species covering several islands, several locations per island, and different altitudes (Fig. 1, Table 1 ).
Within each main population, 1-19 subpopulations were sampled according to the altitudinal gradient; these subpopulations correspond to the provenances defined by Martin and Cossalter (1976a , 1976b , 1976c . One to 95 adult trees were randomly sampled in each subpopulation (depending on the size and the accessibility), and seeds were collected from each mother tree. A minimum distance of 50 m between individual trees was used to avoid selection of closely related individuals. The main characteristics of the populations and subpopulations are given in Table 1 .
Provenance and progeny trials and quantitative trait measurement
Seeds collected in the natural range were sown in the nursery in the Republic of Congo from July to September 1973 in polybags (20 cm high, 10 cm diameter) containing adequate media (one-third sand, one-third forest soil, and one-third compost). Five months after sowing, the seedlings were planted in a provenance and progeny trial in two locations of the southern region of the Congo: Loudima in the Niari Valley (4811'S, 13850'E, altitude 165 m, mean annual temperature of 26 8C, a mean annual rainfall of 1080 mm) and Pointe-Noire (4845'S, 12800'E, altitude 80 m, mean annual temperature of 25 8C, and mean annual rainfall of 1250 mm) along the Atlantic coast. Soils are mainly sandy in Pointe-Noire, whereas they are clay in Loudima.
In Loudima, a randomized complete block design with two replications was established with 25 trees of the same family per plot. In each block, the populations were randomized, and the family were randomized within each population. In Pointe-Noire, the field design allowed only one replication, with plots containing 10-50 trees of the same family. Three hundred and twelve families were common to both field trials and were subsequently used for quantitative analyses. The number of families varied according to the population and subpopulation from 4 to 95, and the number of individuals per population varied from 100 to 4400 (Table 1) . In each site, the density of planting was 1600 treesÁha -1 .
At 37 months, the percent survival was calculated. Growth traits such as height (m), circumference at breast height (cm) and basal area (m 2 Áha -1 ) were also measured and calculated to differentiate the provenances.
Population sample for molecular analysis
For molecular analysis, leaves were not collected from the field trials in the Congo. In Pointe-Noire, the trial was selectively thinned in 1984 at age 132 months (50% of the trees were cut). The remaining trees represented a biased sample of the natural population that was not suitable for population genetic analyses. In Loudima, the trials were not thinned, but the trees were very tall (30-40 m high) and collection of leaves was very difficult. It was then decided to collect leaves on young seedlings using the same seedlots as in the provenance and progeny trials. In 2003, seeds from a larger sample of the natural range (including the islands of Alor, Wetar, Pantar, and Lomblen) were sown in adequate substrate in the nursery in Montpellier, France (Table 1) . A larger set of populations for molecular analyses (16 populations) than for quantitative analyses in field trial (11 populations) was used to estimate population genetic parameters of a more representative sample of the natural range of E. urophylla.
Two months after sowing, five leaves were collected from each seedling and dried using silica gel. The number of subpopulations, families, and individuals for molecular analyses are given for each population in Table 1 . To have an efficient sample size at the population level, two seedlings were sampled from each family. The number of individuals per population ranged from 9 (Mont Hoemaoe Moutis) to 34 (Mont Apengmana).
DNA extraction and microsatellite analysis
DNA was extracted from dried leaves following the Matab method (Bousquet et al. 1990 ). DNA was isolated from an average of two individuals per family (Table 1) .
Microsatellite markers were used to detect the natural variability at the molecular level. Ten polymorphic nuclear loci were used to screen the sampled populations: EMBRA18, EMBRA32, EMBRA33, EMBRA44, EMBRA52, EM-BRA63, EMBRA64 (Brondani et al. 1998), FMRSA1, FMRSA4, and FMRSA5 (Van der Nest et al. 2000) . Microsatellite loci were amplified using PCR in a 15 mL reaction volume containing 25 ng of genomic DNA in a 1Â reaction buffer (10 mmol/L Tris-HCl, 50 mmol/L KCl, 2 mmol/L MgCl 2 ), 0.2 mmol/L dNTPs, 0.10 mmol/L of forward primer, 0.06 mmol/L of reverse primer, 0.10 mmol/L of the infrared (IR) dye IRdye M13/700 or M13/800, and 0.13 U/mL Taq (1 U & 16.67 nkat) DNA polymerase (Invitrogen TM )). The amplifications were carried out with a Stratagene 1 Robocycler gradient 96 thermal cycler under the following conditions: denaturation at 94 8C for 4 min; 30 cycles of denaturation at 94 8C for 30 s, annealing at 51 8C for 45 s, and extension at 72 8C for 45 s; and a final extension at 72 8C for 5 min. The reverse PCR primers were probed with a 19 base extension at its 5' tail end with the sequence 5'-CACGACGTTGTAAAACGAC-3'. This sequence is complementary to an IR-labelled universal M13 forward sequencing primer, which is included in the PCR reaction. During PCR, the tailed primer generates a complementary sequence that is subsequently utilized for priming in the amplification reaction, thereby generating IR-labelled PCR products. The samples were electrophoresed on an IR DNA analyser (Li-Cor, Inc., Lincoln, Nebraska), which can detect primer-labelled extension products at two different wavelengths (IRDye 700 nm and IRDye 800 nm). This allowed loading of a multiplex of four PCR products in one well. The individuals were genotyped using SagaGT software (Li-Cor, Inc., Lincoln, Nebraska).
Molecular genetic data analysis
To eliminate bias in genetic structure parameter estimates owing to the sampling of two individuals from each family, estimation of population genetic parameters and statistical tests were first conducted considering a single individual per family, i.e., on two subsamples. The mean of both estimates was then calculated. Because the estimates of genetic parameters between the pooled sample (with two individuals (Martin and Cossalter 1976a , 1976b , 1976c with details on population identification and the number of subpopulations and families used in the provenance and progeny trial in the Congo and in the samples used for molecular marker analyses. (67) 308 (312) 13825 ( per family) and the separate subsamples did not differ significantly, it was decided to present the results of the pooled sample only. The standard genetic diversity parameters were determined for each population by using GENETIX version 4.05 (Belkhir et al. 1996 (Belkhir et al. -2004 . The observed number of alleles (n a ), the observed heterozygosity (H o ) (Nei 1987) , and the index of fixation (F IS ) using the estimators of Weir and Cockerham (1984) were calculated. To test for heterozygote deficiency relative to Hardy-Weinberg expectations, alleles were permuted among individuals within population samples and F IS was used as a statistic for comparison. Wright's F ST statistics (Wright 1951) was estimated for the global subpopulations and all population pairs by a ''weighted'' analysis of variance (Weir and Cockerham 1984) . To investigate the relationship between genetic distances measured by pairwise F ST and geographic distances, we calculated the coefficient of correlation (r) and performed a Mantel test (Mantel 1967) .
To illustrate the differentiation between populations, a distance tree was constructed using PHYLIP version 3.65 (Felsenstein 1993) . Pairwise genetic distances between pairs of populations were computed using Cavalli-Sforza's chord measure (Cavalli-Sforza and Edwards 1967), obtained from the GENDIST program of PHYLIP. The tree was constructed with the neighbour-joining method of Saitou and Nei (1987) using the NEIGHBOR program. The robustness of each node was evaluated by bootstrapping data over loci for 1000 replications using the SEQBOOT program version 6 and the consensus tree obtained by CONSENSE was displayed with TREEVIEW software (Page 1996) .
Quantitative data analysis
The number of families per population and the number of individuals per family varied in the field experiments. Missing families and individuals reduce the degrees of freedom and the precision of the estimates, because the variance is inversely related to the degrees of freedom. In severely unbalanced situations, such as those regularly found in forest tree genetic experiments, maximum likelihood estimates provide superior estimators compared with least squares estimators (Searle et al. 1992) . As a consequence, the variance components were estimated using the SAS 1 VARCOMP procedure and the restricted maximum likelihood method of the SAS/STAT 1 software (SAS Institute Inc. 1990) using mixed model 1:
where y ijkl is the lth plot in the kth family sampled in the jth population in the ith site; is the overall mean; s i is the effect of site i considered as a fixed effect; p j is the random effect of the jth population, with variance of 2 p and mean 0; p Â s ij is a random effect of the site by population interaction, with variance of 2 pÂs and mean 0; f(p) k(j) is the random effect of the kth family of the jth population, with variance of 2 f and mean 0; s Â f(p) ik(j) is a random effect of the site by family interaction, with variance of 2 sÂf and mean 0; and r ijkl is the residual random effect with variance of 2 r and mean 0. To reduce the scale effect in the analysis of interaction, the growth data were log-transformed.
All terms were tested with the appropriate error variance; site and population were tested over the site by population interaction. The site by population interaction and the family were tested over the site by family interaction mean square. The site by family interaction was tested over the full model error term. Various variance ratios were calculated by the ratio of the variance components over total variance, for example for the population effect:
Regression analyses were performed using Xlstat-Pro 1 version 7.5 (Addinsoft France, Paris; www.xlstat.com) to explain the relationship between performance of the subpopulations in the conditions of the Congo and the abiotic variables such as altitude and rainfall of the source population in Indonesia. Linear and parabolic models were tested using the determination coefficient (R 2 ). We used the performance of each subpopulation, which was located at a specific altitude, rather than the performance of each population, which was distributed over a large altitudinal range (Table 1) .
To group the subpopulations according to their performance in the field, we used a hierarchical cluster analysis with Xlstat-pro version 7.5 (Addinsoft France, Paris; www. xlstat.com). The distance between two subpopulations was defined as the Euclidean norm of the difference between the two centred and scaled vectors of their characteristics (height, circumference, and percent survival). The dissimilarity between clusters based on this distance was defined using Ward's method (Ward 1963) . The number of groups to build was chosen by visual inspection of the cluster dendrogram.
Comparison of molecular and quantitative data
Direct comparison of variation of quantitative traits with genetic variation at multiple unlinked gene or marker loci is made possible by the theoretical relationship between the multiple loci F ST and the partitioning of genetic variation in quantitative traits Q ST . This parameter is defined as (McKay and Latta 2002) . It is assumed that variance among and within populations is mainly due to additive effects. When Q ST and F ST are equal (i.e., population differentiation in the quantitative trait is equal to that predicted from unlinked gene or marker loci), genetic drift is likely to be the main cause of differentiation. When F ST is lower or higher than Q ST , then selection is acting on quantitative traits; the molecular markers used to estimate F ST were considered to be neutral. The variance 2 gbp was estimated as 2 p . In the field experiments in Pointe-Noire and Loudima, the effect of environment was controlled (in the field trial), and we assumed that the phenotypic variance between populations was close to the genetic variance. The variance 2 gwp was estimated using 2 f , with the assumption that genetic variance is mainly due to additive variance 
Results
Population diversity and differentiation based on microsatellite markers
All the marker loci were polymorphic in all populations. The total number of alleles across populations varied among loci from 10 (FMRSA4) up to 29 (EMBRA 52) with a mean of 20.7 for the total population. Diversity parameters (Table 2) , such as H o displayed moderate variation among populations with values ranging from 0.51 for Mont Hoemaoe Moutis to 0.72 for Remexio. The same pattern was noted for the n a , which was high and ranged from 5.2 for Mont Siroeng to 10.6 for Mont Apengmana. The values of F IS varied among populations from 0.14 for Lomblen to 0.33 for Mont Egon. They were all significantly different from 0 (P < 0.001; Table 2), suggesting departure from Hardy-Weinberg equilibrium. The same conclusion was drawn for the entire population for which F IS = 0.20 (P < 0.0001). Weir and Cockerham's (1984) differentiation estimate was low, F ST = 0.04 for the set of the 16 populations. It was significantly different from 0 (P < 0.001), which is evidence of low differentiation among populations in the natural range. This pattern of differentiation among populations was illustrated by the unrooted neighbour-joining tree (Fig. 2) . It exhibited only three clusters with bootstrap values higher than 500. One cluster included two populations located in different islands, but the distance separating these two populations is less than 20 km.
Using the 10 populations common to molecular and field trial analyses (Table 1) , the differentiation parameter, F ST = 0.035, was significantly different from 0 (P < 0.0001). This value was similar to that estimated with the total population, although six populations were removed from this sample.
The Mantel test did not show a significant correlation between the matrix of pairwise F ST and the matrix of geographic distance for both samples. The coefficients of correlation was low and was not significantly different from 0, r = 0.10 (P = 0.38), showing that the populations did not follow the model of isolation by distance.
Performances of E. urophylla in field trials in the Congo
The performance of E. urophylla in the Congo differed markedly between the two sites (Table 3 ). In the Loudima forest station, individual height, circumference, and basal area were significantly higher, because soil conditions are better than in Pointe-Noire. This better growth resulted in smaller variation within the trial as shown by the coefficient of variation.
This difference in site quality resulted in a significant population by site interaction for all traits and for both types of sampling (Table 4) . However, the rate of survival presented a nonsignificant site by population interaction for the sample based on the 10 common populations. The interaction was attributed to changes in ranking, the analyses of variance being conducted with data transformed by a logarithm function that reduces the scale effect. This was confirmed by the significant values of the rank coefficient of correlation between the populations established in PointeNoire and those established in Loudima. For height, circumference, individual basal area, and survival, the estimates were 0.92, 0.76, 0.61, and 0.83, respectively.
With the total sample (11 populations), the analysis of variance showed that substantial genetic variation for growth and adaptive traits was present for E. urophylla across populations and families. The ratio of variance among populations to total variance ranged from 14% for survival to 43% for height growth. The percent variance explained by the family effect was generally smaller, with values ranging from 12% to 24% (Table 4) .
The values of Q ST were above 0.15, except for basal area, Based on the sample common to the field and molecular analyses (10 populations), the percent variance changed, but its distribution among the different effects exhibited the same trend (Table 4) . For height, circumference, and basal area, the Q ST values were higher than estimates obtained with the total sample (Q ST = 0.68, Q ST = 0.22, and Q ST = 0.37, respectively), whereas it was smaller for survival (Q ST = 0.02). These changes were expected, because the sampling sizes were very different between the two approaches.
Relationship between field performance and altitude of seed source
The adaptation and growth of the species in the Congo were strongly related to the abiotic variables characterizing environment in the natural range. This is illustrated in Fig. 3 , which presents the relationship between performances in the Congo versus altitude of the seed source. A strong negative correlation was noted between growth traits (height and circumference) and altitude of seed source, which can be modelled by a second-degree polynomial equation. The coefficients of determination were slightly higher for the polynomial than for the linear model, and the former was then selected to illustrate the trend (Table 5) . A negative correlation was clearly observed for Timor, which comprised numerous subpopulations, and appeared to be similar in Flores, although the sample was smaller (Fig. 3) . The small sample size on the other islands generally prevented observation of a specific trend within these islands. The survival rate was not well modelled by a polynomial equation, but the curve showed that a broad optimum for survival was reached for the altitude from 500 to 100 m (Fig. 3) . This altitude corresponded to a temperature of 24 8C, which was close to the mean annual temperature in Pointe-Noire and Loudima.
The hierarchical cluster analysis between subpopulations of the Timor island grouped the different subpopulations of E. urophylla according to their altitude (Fig. 4) . Visual inspection of the dendrogram distinguished two or three groups corresponding, respectively, to a dissimilarity of 80% and 32%. The partition in two groups was characterized by mean altitudes of 1300 and 940 m and 30 and 15 subpopulations. The partition in three groups was characterized by mean altitudes of 940, 1250, and 1460 m and 8, 22, and 15 subpopulations.
Discussion
Variation of neutral markers
The diversity parameters estimated in natural stands of E. urophylla (n a = 10-29 alleles/locus and expected heterozygosity (H e ) = 0.51-0.72) show that the species exhibits high microsatellite diversity compared with other forest tree species with similar patterns of seed dispersal and assessed with the same type of markers (Sanou et al. 2005) .
Eucalyptus urophylla is distributed on small islands, which can reduce genetic diversity in certain cases (Frankham 1997) ; however, the species has similar genetic diversity to other Eucalyptus species distributed in a continuous range. This is demonstrated by the results of microsatellite diversity studies: H e = 0.86 in Eucalyputs vernicosa Hook. f. (McGowen et al. 2001) , H e = 0.84-0.91 in Eucalyptus populnea F. Muell. (Holman et al. 2003) , H e = 0.30-0.66 in Eucalyptus curtisii J.T. Blake. & C.T. White (Smith et al. 2003) , and H e = 0.62 in Eucalyptus globulus Labill. (Jones et al. 2002) .
This high diversity reflects the biological traits and the evolutionary history of E. urophylla. The high diversity can be explained by a large effective population size, because high seed and pollen dispersal prevents clustering (Hamrick et al. 1992 ). This hypothesis is realistic, because pollen of Eucalyptus can be dispersed over long distances by birds or bats (McGoldrick and Mac Nally 1998) .
For most of the populations, the positive and high fixation index indicates a marked deviation from Hardy-Weinberg expectations. Generally, Eucalyptus exhibits a random mat- Fig. 2 . Unrooted neighbour-joining tree drawn with PHYLIP version 6.1 (Felsenstein 1993) with the matrix of genetic distances calculated using the Cavalli-Sforza distance (Cavalli-Sforza and Edwards 1967) . Values at the base of the branches correspond to the bootstrap values after 1000 replications.
ing system (Byrne 1999; Butcher et al. 2002; Byrne et al. 1998; Elliott and Byrne 2003) , but some studies have estimated an excess of homozygotes, e.g., for E. globulus (Jones et al. 2002) , Eucalyptus marginata Donn ex Sm. (Wheeler et al. 2003) , and E. populnea (Holman et al. 2003) . Two factors can explain our results.
Firstly, F IS values for E. urophylla are likely to be overestimated, because we used seedlings raised in a nursery without selection, potentially including selfed seed. The mating system in many eucalyptus species allows self-pollination; although the outcrossing rate is about 80% for several species (Potts and Wiltshire 1997) , inbred individuals are only present at the very first stage of life. The F IS estimates using adult trees in natural stands likely would have been lower because of selection against inbred individuals throughout the tree's lifespan (Potts and Wiltshire 1997) .
Secondly, most of the populations in this study covered a wide geographic range and consisted of several possibly differentiated subpopulations. Therefore, the excess homozygosity detected in this study may be due to the Wahlund effect (apparent deficiency of heterozygotes due to the combining of data from subpopulations with large differences in allele frequency, even if Hardy-Weinberg proportions exist within each subpopulation). However, the high gene flow indicates absence of separation of subpopulations until recently, and the Wahlund effect hypothesis should be considered with caution.
The differentiation between E. urophylla populations was significantly different from 0 but very low (F ST = 0.04 for the 16 populations and F ST = 0.035 for the 10 populations), showing that 96% of the variation assessed with microsatellites is present within the populations. Similar patterns of differentiation have been observed in other Eucalyptus species: using restriction frgament length polymorphisms, F ST = 0.045 in E. marginata, (Wheeler et al. 2003) , F ST = 0.065-0.044 in Eucalyptus camaldulensis Dehnh. for the eastern and western regions (Butcher et al. 2002) , F ST = 0.065 in Eucalyptus occidentalis Endl. (Elliott and Byrne 2003) or using microsatellites, F |ST = 0.03 in E. populnea (Holman et al. 2003) and F ST = 0.08 in E. globulus (Jones et al. 2002) . According to Potts and Wiltshire (1997) , strong differentiation is observed in regionally distributed species with isolated populations; for example, F ST = 0.136 in Eucalyptus angustissima F. Muell. (Elliott and Byrne 2004) , F ST = 0.30 in E. curtisii (Smith et al. 2003) , and F ST = 0.19 in Eucalyptus morrisbyi Brett (Jones et al. 2005) .
The low differentiation observed in the present study is unexpected in an insular system; such species generally exhibit a high F ST , because the presence of oceanic barriers restricts gene flow between populations (Bottin et al. 2005 ). This apparent contradiction in the case of E. urophylla can be explained by a high migration rate compared with drift. Although barochory (i.e., seed dissemination by gravity) seems to be predominant, pollen dispersal over long distances by birds and fruit bats can be very efficient and may have a significant impact in Eucalyptus species (House 1997; Richards 1995 cited in Butcher et al. 2002 . This efficient gene flow was likely to be facilitated by the geographical connectivity of some islands during the last glaciations (20 000 years B.P.) (Cannon and Manos 2003) or simply by their geographical proximity, some islands being separated by just a few kilometres.
Variation in quantitative traits
Our results show that E. urophylla populations established in the Congo exhibit wide variation, with height ranging from 5 to 18 m; circumference, from 16.1 to 43.5 cm; and survival rate, from 50% to 90%. This high variation in growth and adaptive traits in Eucalyptus species has been observed in field trials of other species in the Congo, such as Eucalyptus cloeziana F. Muell. (Bouvet and Delwaulle 1983) , and in other environments for other Eucalyptus species (Ginwal et al. 2004; Eldridge et al. 1993) .
The variation within E. urophylla is characterized by the relatively large contribution of genetic components. The additive variance represents 38%-55% of the total variation in the 16-population sample and 32%-53% in the 10-population sample. The percentage of genetic variance among populations was particularly high for height (43% and 50%) and circumference (34% and 21%) (Table 4) compared with those usually observed in tree populations; in general, 20%-30% are observed for forest trees (Kremer 1994) . This may have resulted from the strong adaptive variation between populations but also from the good control of the environment in the provenance trial of the Congo allowing the genetic effects to be clearly expressed. It may also be that these trials simply included wider genetic diversity than is normally included in tree breeding populations.
F ST versus Q ST
We found significant differences between F ST and Q ST (P = 0.0001), Q ST being two to eight times higher than F ST for the whole sample or the subsample common to field and molecular analyses. The higher value of Q ST is generally observed in forest tree species such as pines (Yang et al. 1996) , hardwood species (Lascoux et al. 1996; Kremer et al. 1997; Sanou et al. 2005) , and other plants (Merilä and Crnokrak 2001; McKay and Latta 2002) , but the ratio in this study is particularly pronounced. This could be explained by two Fig. 4 . Hierarchical cluster analysis between subpopulations of the Timor island (each subpopulation is defined by the first three letters of the location name and by the altitude). The distance between two populations was defined as the Euclidean norm, and the dissimilarity between clusters based on this distance was defined using Ward's method (Ward 1963) . The number of groups to build (partition a, three groups; partition b, two groups) was chosen by visual inspection of the cluster dendrogram. The mean altitude of each group is given at the base of the cluster.
points. Firstly the Q ST /F ST ratio may be biased upward due to the high microsatellite mutation rate (Hedrick 1999) . Simple sequence repeat (SSR) markers, although being mostly neutral, evolve faster than other nuclear loci and by a very different mutational mechanism. There may be problems associated with comparing F ST values based on SSR polymorphisms with Q ST values that are based on variation in (non-neutral) genes or regulatory regions that affect the trait of interest. Although the rate of evolution of the SSRs and nuclear genes may indeed not differ among populations, this problem should be addressed more comprehensively in future research to compare these two parameters. Secondly, our additive effects may not be purely additive but may include nonadditive effects, which can bias the Q ST /F ST ratio (López-Fanjul et al. 2003) . Although bias due to microsatellites should not be excluded, the quantitative genetic differentiation between E. urophylla populations suggested that directional selection is the main cause of differentiation in growth and adaptive traits. This natural selection may have occurred in response to the wide altitude variation (from 500 up to 2000 m in our sample but 3000 m in natural populations) leading to marked differences in rainfall, temperature and other abiotic factors. Altitude is likely to have led to local adaptation as is demonstrated through a strong negative relationship between altitude of seed source (subpopulation) and performance in the Congo (Table 5) . This relationship between altitude and subpopulation performance was observed in other E. urophylla provenance trials established in different tropical countries (Eldridge et al. 1993 ).
This marked differentiation in quantitative traits among populations with a high gene flow can be explained by the linkage disequilibrium that decouples F ST and Q ST . Latta (2003) has shown through simulation that covariances of allele (QTL allele) frequencies develop as traits evolve towards local optima. It would appear that, in species with high gene flow, divergence of polygenic traits among subpopulations is likely to be caused primarily by the covariance of allelic frequencies across populations rather than through high F ST of quantitative trait loci. This phenomenon is all the more marked when the number of loci underlying quantitative traits is high.
Clinal variation
This pattern translates into a clinal variation, i.e., a continuous morphological or adaptive variation in relation to environmental variation. Similar strong clinal variation due to altitude has been observed for other Eucalyptus species, especially in the island of Tasmania where rugged topography results in rapid environmental change over short distances (Shaw et al. 1984; Potts and Reid 1985; Potts and Jackson 1986) .
The cline observed for growth traits has also been noted for the morphological traits in E. urophylla. Martin and Cossalter (1976a) and Eldridge et al. (1993) observed leaf size and shape variation correlated with the altitude: smaller leaves were present at higher altitude. Variation of bark characteristics with altitude, especially the percentage of rough bark which increases with altitude, has also been observed in those populations (Martin and Cossalter 1976b) .
Numerous genes seem to be affected by the selection pressure due to altitudinal variation in E. urophylla. This result constitutes critical information for the implementation of a strategy of in situ management of genetic resources.
Implications for management of genetic resources
The importance of plantations is increasing in the world because of the pressure to reduce the role of natural forest in wood production. Tropical Eucalyptus species such as E. urophylla have some advantages in providing wood and in reclaiming abandoned land unacceptable for agriculture (Bouvet 1999) . However, human activities such as clearing for agriculture or overexploitation are threatening the natural stands of E. urophylla (Eldridge et al. 1993) , and there is an urgent need for in situ and ex situ conservation of genetic resources of this species.
Based on our results, the approach elaborated by Crandall et al. (2000) , who argue that incorporating ecological data and genetic variation of adaptive significance is more relevant for conservation than molecular information alone, can be used to define conservation and management units for E. urophylla. A similar principle was proposed for forest trees by Bekessy et al. (2003) and Cavers et al. (2004) who suggested that in defining management units most emphasis should be placed on data that reflect expressed genes and adaptive traits. Our data show that there is evidence for population differentiation owing to natural selection but not owing to restricted gene flow. Therefore, we suggest the use of the altitude of seed source as an important principle for in situ or ex situ management of E. urophylla genetic resources. As an example, using the clustering analysis (Fig. 4) , different ways of grouping the populations of the Timor island can be suggested. According to the means available to implement a strategy of management of genetic resources, two options can be suggested: the first consists in defining the management units at altitudes of 1300 and 900 m, and the second, at altitudes of 900, 1200, and 1500 m. The number of management units may vary at each altitude, depending on such things as the soil variation within each altitude, the characteristics of the E. urophylla stands, and the fragmentation of the populations. This principle could be limited to a small number of islands becuase of the low differentiation among islands.
